When nickel nanostrands (NiNs) are embedded inside of highly flexible silicone, the silicone becomes an extremely piezoresistive sensor capable of measuring a large dynamic range of strains. These sensors experience an increase in conductance of several orders of magnitude when strained to 40% elongation. It has been hypothesized that this effect stems from a net change in average junction distance between the conductive particles when the overall material is strained. The quantum tunneling resistance across these gaps is highly sensitive to junction distance, resulting in the immense piezoresistive effect. In this paper, the average junction distance is monitored using dielectric spectroscopy while the material is strained. By incorporating new barrier height measurements of the base silicone material from a nanoindentation experiment, this experiment validates previous assumptions that, on average, the junctions between NiNs decrease while the sample is strained, instigating the large piezoresistive effect. The nature of the material's response to strain is explored and discussed.
Introduction
In recent years there has been a push for the development of multifunctional composite materials that integrate physical properties such as flexibility and durability with other desirable properties in order to provide new alternatives to traditional materials. Such composites can benefit greatly from what may be generically termed the ''nano-effect''; for example, the unexpected properties of nano-scaled fillers that exhibit unusual, and often extreme, properties [1, 2] . Nano-fillers are being used in many cases to improve mechanical properties such as toughness, modulus and strength with unexpected improvements in many cases [3] [4] [5] . One particular area of active research relates to the development of conductive composites made with nano-fillers [6] [7] [8] [9] [10] .
Conductive composites have shown particularly interesting multifunctional properties that often enable them to be used in sensing situations [11] [12] [13] [14] [15] [16] [17] . One extreme example involves a silicone/nickel nanostrand nanocomposite material that exhibits a very large piezoresistive response to applied strain, arising from nano-effects between the conductive fillers. Related materials shows promise as large strain sensors, undergoing an unusual increase in conductivity as tensile strain is applied [18] [19] [20] [21] [22] .
Attempts have been made by Johnson et al. to develop a numerical model that can both explain and predict the behavior of this material under strain [23, 24] . Johnson's model predicts that quantum mechanical effects play a principal part in the change of resistivity in the composite material, as opposed to other proposed theories such as density or alignment changes of conductive filler [25] . It is proposed that the ultra-low density clusters of nickel nano-particles are pushed together as they are embedded into the polymer matrix. A nano-layer of adsorbed polymer produces a tiny gap, or junction, between the clusters, across which electrons can potentially pass via a quantum tunneling mechanism [26] . As the macro-scale material is deformed, small changes in these nano-junctions produce exponential changes in the tunneling resistance across them, leading to paths of low resistance across the sample and the related extreme piezoresistivity.
The Johnson implementation of the quantum tunneling/percolation model uses a simple Monte-Carlo simulation of the evolving nano-junctions between conductive filler particles in the material. This stochastic representation of the nanojunctions is combined with a standard percolation model for resistance in conductive http://dx.doi.org/10.1016/j.compositesb.2014.11.028 1359-8368/Ó 2014 Elsevier Ltd. All rights reserved.
Abbreviation: NiN, nickel nanostrand.
networks [24, 27] . While the resultant approach shows promising agreement with general resistance trends, many parameters in the simulation were approximated using incomplete assumptions, and current models of gap evolution are extremely simplistic [28, 29] . Perhaps the most critical information missing from all such models is measured data for the junction gap (or junction distance) in the composite. In an effort to fill in this missing information, this paper directly measures the average junction distance between the nickel nanostrands (NiNs) in composite gauges undergoing various degrees of strain.
A previously developed method to measure average nano-junction distances was adapted to provide the data required to improve the existing model [30] . The composite material was strained inside an impedance analyzer, facilitating measurement of the changing dielectric constant of the material. The dielectric constant was used to calculate the average junction distance. The results of this experiment will be used to continue to develop the multiscale model, and this novel experimental method could be applied by other research teams trying to understand the conductive nature of other nanocomposite materials. This method has limitations as it only provides a single number average junction distance, but the trends observed provide strong evidence for both the simple quantum tunneling effect predictions and the more advanced percolation model.
Most of the work in the aforementioned theories is based on quantum tunneling equations. The quantum tunneling barrier height of a material (the resistance that a material naturally has to certain quantum effects) is critical for the accuracy of these calculations. Previous work pioneered a new method to properly measure this barrier height involving precision nanoindentation with a conductive probe [24, 27] . This paper utilizes recent refinements of the technique as outlined by Koecher et al. [30] to provide improved and robust barrier height results on the material.
Experiment

Materials
A single sample of catalyzed Sylgard 184, a common commercial silicone produced by Dow Corning Ò , was used for the barrier height measurement tests (see Section 2.2). Sylgard 184 is a nonconductive, flexible silicone base useful for making highly deformable sensors. Nickel substrates for this test were purchased from National Electronic Alloys Ò , flattened, sanded and polished with a series of increasingly fine slurries (including colloidal silica). After a final electropolishing step, the substrates were cleaned with acetone and ethanol. Immediately prior to film deposition, atmospheric plasma etching was used as a final cleaning step. The silicone was deposited onto the substrates and cured by baking at 110°C for 18 h. Because the area used in nanoindentation is extremely small, it was possible to reuse the same sample for many tests.
Samples of the nanocomposite conductive material used in the junction distance tests (see Section 2.3) were prepared by mixing conductive particles with Sylgard 184. The conductive fillers were nickel nanostrands-high aspect ratio nanoparticles with a unique bifurcated structure. They are made by Conductive Composites, LLC through a proprietary chemical vapor deposition (CVD) process. This process creates a highly porous mass with a volume fraction in air of less than 1%. The porous nanostrand mass is broken apart and mixed into the samples. This experiment used volume fractions in polymer ranging from 7% Ni to 13% Ni. The composite was then cast into a long, wide, thin aluminum mold and, after being warmed to 75°C to encourage polymerization, was allowed to cure at room temperature for several days. Fig. 1 shows a cluster of NiNs inside of a cured silicone matrix as photographed in a SEM.
Barrier height measurements
A series of nine tests were performed in order to determine the quantum tunneling barrier height of the Sylgard 184. Measurement of the barrier height was performed following the method of Koecher et al. [30] . Briefly, a Hysitron nanoindenter was operated in the nanoscale electrical contact resistance (nanoECR Ò ) mode, which provides continuous measurement of electrical current during indentation by using a conductive stage and borondoped conductive diamond tip with a 5 V bias voltage. As the tip moves downwards through the silicone towards the Ni substrate, the current suddenly increases from zero when electrons are able to tunnel through some minimal thickness of the polymer. This jump in current is approximately linear with probe position and a linear regression can be used to calculate impedance as a function of distance between the tip and the substrate [30] . The barrier height (k) is then calculated from the slope (m) of that function as shown in Eq. (1). For more details, the reader is referred to the already published work.
Note that only the initial linear increase in current is used, because after several nm the indenter has pushed through the polymer and into the conductive substrate. After this point, variations in the current are a function of indenter geometry and substrate deformation. The barrier height calculations are calibrated by a standard indent into gold, wherein the barrier height of air is measured and verified against literature reports.
Junction distance
The nanocomposite material consists of a network of conductive strands separated by junctions that possess both a characteristic resistance and capacitance. Previous studies in nanocomposite materials have modeled the nano-junctions between particles of the filler material as a parallel resister and capacitor circuit [29, 31, 32] . The relaxation frequency of this network relates to both the size and dielectric properties of the junctions. Previous analysis has produced the following equation that correlates the relaxation where k 0 is a constant used to simplify the equation above and is:
In these equations, e is the charge of an electron, h is Planck's constant, m e is the mass of an electron, k is the barrier height, e 0 is the permittivity of free space, and e r is the characteristic relative permittivity (also known as the dielectric constant) of the silicone [30] . The characteristic frequency (x c ) can be measured by charting the frequency dependence of the relative permittivity (see Eq. (5) below). Once that is known, Eqs. (2) and (3) can be used to solve for the junction distance d. An impedance analyzer with a frequency range of 5 Hz-13 MHz (HP model 4192A) was used to measure the relative permittivity. To eliminate potential stray admittance and residual impedance errors, a dielectric test fixture (HP model 16451B) for dielectric constant measurement of solid materials was attached. The electrode used in this fixture was a 5 mm guarded electrode which eliminates edge capacitance error.
To prevent conductance errors through the sample from affecting the results, a non-contacting electrode method was used per the manufacturer's specifications. In this method two tests are run using the analyzer, one with the sample between the parallel plates of the analyzer and the other without the sample between the plates (see Fig. 2 ). When the sample is between the parallel plates it is modeled as two capacitors in series (sample-filled region and the air space region). The relative permittivity of the sample for a given frequency can then be calculated using Eq. (4):
where again e r is the relative permittivity and C s1 is the capacitance without the sample inserted, C s2 is the capacitance with the sample inserted, t g is the distance between electrodes, and t a is the thickness of the sample [30] .
The fundamental property of interest for the silicone-based nanocomposites is the piezoresistivity, or the change of resistance that the material experiences while being strained. In order to properly predict the electrical resistance between two conductive particles, both the resistance of the material and the change in the size of the junction under strain must be measured. Having both of these properties measured, the quantum tunneling model can be properly adjusted to represent the effects of strain on these gauges. To measure both of these properties, an in-situ tensile stage was designed to hold the samples securely in place on the base plate of the dielectric test fixture (see Fig. 3 ). The two anchor points were designed with a large stiffness to prevent the stage from bending while straining samples. The threaded rod can also be rotated by degrees, causing translational motion in one anchor. This setup allows the sample to be strained by small, quantifiable amounts, and maintains a constant strain while the dielectric tests are being run. The anchor points were designed to be 1 mm lower than the unguarded electrode (Fig. 2 ) so a slight elastic tension keeps the sample flat against the electrode (not shown in Fig. 3) , even while the sample experiences Poisson thinning due to strains of upwards of 40%. This ensures that the sample does not lift off the stage during testing. Lift off needs to be avoided as it could potentially alter the current pathway in the test setup, creating three capacitors in series and rendering Eq. (4) irrelevant. Fig. 2 . Non-contacting electrode method. MUT stands for Material Under Test and is called the sample in this paper, t g is the distance between electrodes, and t a is the thickness of the sample. (Image obtained from user manual [33] .). Fig. 3 . Drawing of the tensile stage used in the experimental procedure.
During testing, samples are anchored to the stage at both ends. Each sample is then gently tightened until it is flat against the bottom electrode of the impedance analyzer, without any initial strain. The top electrode (attached to a micrometer) is slowly lowered until it makes contact with the sample. Initial measurements are taken of several geometric and material properties: sample resistance at 5 Hz and 1 MHz voltage frequencies, sample thickness and sample length. The top electrode is then raised to a set height to begin sampling the relative permittivity. The capacitance is sampled across a logarithmic scale of frequencies from 500 Hz to upwards of 13 MHz. These measurements are processed to calculate the relative permittivity using the method described earlier with Eq. (4). After taking the capacitance measurements, the sample is then strained by rotating the threaded rod on the stage one half turn (corresponding to about 1% strain) and all of the measurements are taken again in the same order. This procedure is followed until either the relative permittivity test resulted in an unchanging dataset or the sample exhibited obvious mechanical failure.
Once the relative permittivity for a volume fraction is measured over a broad range of frequencies, the data is plotted onto a logarithmic scale and a characteristic curve becomes evident. A single term of the Cole-Cole equation (Eq. (5)) was fit to the sets of the dielectric data [30] . The fit yields values for r dc , the relaxation time s j , the relaxation strength De j , and the broadness parameter a j . The characteristic frequency x c ¼ 1=s j can then be obtained and inserted into Eq. (2) and the junction distance can be evaluated.
3. Results Fig. 4 shows data for several indents on the same sample of Sylgard 184 without any composite mixtures. Current is plotted as a function of indenter tip displacement. Load-depth data was also taken during the measurement, and in all cases the load increased as the silicone was compressed prior to any observable conductivity. ''Zero'' conductivity was observed at initial depths as characterized by random oscillations positive and negative about zero current. The beginning of the conductive region was indicated by the first point of increasing positive current without subsequently being followed by negative current measurements, as can be seen in the figure. Note that the data has some expected variability from either small variations in the local chemistry or structure of the silicone or from statistical variations in the indentation test itself.
Barrier height measurements
The average barrier height was measured at 1.08 eV, with a standard deviation of 0.51 eV. The average height is higher than the previously reported value by Johnson et al. (0.28 eV) but the new result is consistent with the expected range for polymers [24, 27, 30] . The discrepancy is likely a result of significantly improved methods and equipment as compared to Johnson's initial work, as the lab where both sets of measurements were performed was recently upgraded. The new value is assumed to be a much better representation of the actual quantum tunneling barrier height as it is closer to the quantum tunneling barrier heights of other non-conductive materials tested by Koecher et al. [30] . This new value for the barrier height was then used to calculate the average junction distance (using Eq. (1)).
Determining junction distance
Multiple factors influence the average junction distance in a sample, including strain and volume fraction of embedded NiNs. Several samples of differing nickel volume fractions were prepared of the nickel silicone composite material. A series of junction distance measurement tests were performed on each sample. The resultant measured averages were plotted against the sample strain. Because the junction distance decreased with strain until reaching a minimum value, the junction distance vs strain result was empirically modeled with an exponentially decaying function as seen in Fig. 5 .
The data was fit to the following function where d is the junction distance, e is the strain of the material and d 1 is the average junction distance at an infinite amount of strain, the asymptote for the data.
A and s are fitting parameters describing the exponential decay. The parameter d 1 was left as a free parameter for the optimization algorithm for the 7%, 9% and 11% volume fractions. However, for the 13% volume fraction sample, this resulted in an unreasonable large uncertainty on the value due to the absence of data points at high strains (discussed below). Hence the value of d 1 for the 13% volume fraction material was obtained by extrapolating from the parameters calculated in the 7%, 9% and 11% tests. This resulted in a good fit to the data, with reasonable values for the 13% volume fraction asymptote (within the range of uncertainty for a freely fitted parameter). Table 1 lists the values for A, s, and d 1 for each of the volume fractions and Fig. 6 shows the exponential decay curves of gap vs strain of all four samples. The solid portions of the lines in Fig. 6 indicate the range at which the curve was fit to data points, and the dashed portion of the curves are the projection as the curves approach d 1 . The implications of these results are discussed in Section 4.1.
Discussion
Junction distance
One of the limitations encountered while running the tests on the higher volume fractions was brought about by the limited frequency range of the impedance analyzer. The equipment used had a maximum frequency of 13 MHz, which restricted the minimum measurable decay time (tau) to approximately 2 ns, which corresponds to an average junction distance of about 1.3 nm. Since the 13% VF had an average junction distance significantly smaller than 1.3 nm, it was not possible to properly measure enough of the decay curve to develop a strong predictive value of the minimum average junction distance. This led to the approach described in Section 3.2 for determining the asymptotic gap value. Furthermore, the impedance analyzer could only produce reliable data for frequencies greater than 1 kHz, resulting in a maximum measurable junction distance of approximately 2 nm. Regardless of the limitations from the equipment used, there are many important conclusions that can be drawn from the data.
It has previously been predicted that an increase in the volume fraction of NiNs in the silicone base would result in smaller junction distances for the as-made material [24] . Intuition has suggested that as the volume fraction of NiNs embedded in the composite increases, their average separation is smaller. The experiment performed has provided strong support for this prediction. Although the data in Fig. 6 is capped at about 2 nm, reducing the accuracy of predictions for 0% strain, the available data and fitted curves suggest that the samples with lower volume fractions have larger junction distances at 0% strain.
As mentioned in the introduction, previous researchers also hypothesized that one of the influential factors in the extreme piezoresistivity of the composite material tested in this paper is a decreasing average junction distance with applied strain [23, 24] . Simply put, this is because as the sample is strained longitudinally, the cross-sectional area decreases due to the Poisson effect. Thus, at the microstructural level, the NiNs are pulled towards each other in the cross-section plane even as they are being separated in the longitudinal direction. Since the quantum mechanical tunneling resistance between particles exhibits an extreme change for a very small change in junction distance, it was hypothesized that even a minor decrease in the average junction distance could have significant effects. Fig. 6 confirms previous predictions of decreasing junction distance. Looking at the plotted data, all four samples demonstrate a decrease in the average junction distance for increased strain, confirming one of the hypotheses presented by Johnson et al. [24] .
As mentioned previously (Section 2.3), when a sample was strained the electrical resistance across the sample was measured with a 5 Hz AC voltage (to prevent any capacitance resistance spikes) while the thickness of the material section was also recorded. In order to compensate for the changing thickness of the samples, the measured resistance values were converted to resistivity. To get the resistivity (q) of the material, the sample was modeled as a truncated conical resistor having smaller radius a (equal to the radius of the smaller plate) and larger radius b (equal to the radius of a circle whose area is the same as the area of material on the larger plate). By integrating the differential resistance of concentric cylindrical slabs in series it is easy to show that the overall resistance is R ¼ qt=pab. The resistivity was calculated using this relationship based on the experimental values of resistance R and sample thickness t gathered during experimentation. Fig. 7 compares the behavior, under strain, of the material resistivity with that of the calculated average junction distance for the 7% volume fraction sample. Note that the resistivity begins to level off at about 2-3% strain earlier than the average junction distance. This latency suggests that the changing junction distance is not necessarily the only factor in determining the overall resistance of the composite material. The difference is subtle, and we felt that it was important to investigate the validity of this finding in the context of quantum tunneling resistivity of a single junction gap.
To further explore this effect, the average junction distance was used in the quantum tunneling resistivity equation (Eq. (7)) in order to determine the resistivity across a single gap the same size as the measured average [34] .
In this equation, h is Planck's constant, e is the electron charge, m is the electron mass, k is the tunneling barrier height (J), and d is the distance between the two conductive particles (m) as previously defined. Both resistivity data sets were plotted against each other (displayed on a log-log plot in Fig. 8 ) to determine the potential relationship between them. In this figure, there are clearly at least two regimes where the data has different correlation patterns (seen as the two lines fit to the data). This evidence suggests a complex relationship between the local resistance between nickel particles and the global overall resistance. It strongly suggests that the nature of the lattice network of NiNs embedded inside the silicone has an effect on the global resistance which is more than just a simple weighted average of individual gap resistances (calculated from their resistivity). The junction on the graph separating the two regions occurred at about 19% strain. The other volume fractions Fig . 6 . The fitted exponential decay functions for the 7%, 9%, 11%, and 13% VF of NiNs samples. The solid sections are where the curves were fit to measured data, and the dashed extensions are the estimated projections of the curve as the strain increases to infinity.
did not have enough data to develop the characteristic resistance curves and plot in a similar manner. Previously hypothesized percolation models may potentially help explain these observations. In the percolation model, the overall resistance is not only related to the resistance across the nano-junctions, but also to the density of junctions across which electricity is flowing. As a critical density of such junctions is approached, the nature of the global resistance changes sharply. Hence these results may give alternative evidence for such a model; though, for further details, readers are referred to the published work [24] . More work is required to incorporate the experimental results of this paper into such a model.
The results discussed above give new insights into the behavior of the small junctions between conductive particles, but they do not explain the behavior. In previous work it was assumed that conductive particles were coated with an adsorbed layer of polymer molecules [24] . This adsorbed layer becomes a minimum thickness of material surrounding any one nickel particle, preventing other nickel particles from coming into closer proximity. The results presented above (see Fig. 6 ) provide some support for this prediction: the 7%, 9% and 11% (by volume) samples have a nonzero asymptotic junction distance (d 1 ). However, this theory requires that polymers be bonded to the particles in the composite material [28] ; silicone does not bond well to many substances, including nickel, though it does effectively fill voids between particles. Scanning electron images of torn composites with nickel sheathed carbon fibers reveal potentially clean nickel surfaces that do not appear to have a surface layer of silicone bonded to them.
The best resolution of these images, however, is only about 1 lm, so the images are not conclusive evidence.
The authors propose an alternative model of the molecular interactions. This model considers the silicone molecules as independent, long polymer chains (e.g., ''strands of spaghetti'') with weak molecular bonds to the nickel substrates. All silicones have a basic silicon-oxygen backbone, with functional groups attached to the silicon atom. These polymeric chains have functional groups attached to both ends that allow them to link together to create the solid-form rubbery silicone. Sylgard 184 is mainly composed of polydimethylsiloxane (PDMS), a silicone polymer with simple functional groups that have relatively little interaction with each other and generally do not have cross-linking capabilities [35] . Since the polymer can only bond at its end functional groups, there is no covalent chemical interaction between the densely packed nickel crystalline form and the polymer net that grows to encase it [36] . Without bonds between the nickel and the silicone, the strands of nickel are simply surrounded in a flexible network which allows limited translational and rotational motion. To continue the culinary metaphor, this is much like a metal fork on a plate of cooked spaghetti (the fork represents a NiN and the spaghetti represents silicone). Even though the spaghetti noodles are not glued to each other or the fork, the fork is still suspended above the plate. If the utensil is embedded in the spaghetti, the utensil can still move and rotate within the surrounding net because there is nothing bonding the metal to the noodle. When subjected to a force, the noodles can stretch and even slip around the fork without changing the fork's location relative to the plate. It is the same with the NiNs in the polymer silicone. The polymers are long, flexible chains that can move around the NiNs. The chains that are found in the gap between two NiNs can fill large gaps when relaxed. However, when the material is strained, the chains begin to align, creating negative pressure regions that draw the NiNs closer together (see Fig. 9 ) [36] .
The ''spaghetti model'' also predicts that there will be a minimum junction distance for any given volume fraction of NiNs and silicone. The polymer chains between the NiNs are capable of elongating under strain by unfolding the polymer chains; however, even if all of the polymers are stretched to their maximum tensile limit, there will remain a minimal intertwining of the chains in between the NiNs keeping them apart. This minimum distance would be influenced by the amount of polymer that was Fig. 7 . A comparison of the measured material resistivity of the sample with the measured average junction distance measured at a common strain percentage for the 7% volume fraction material. The asymptote for the measured resistance appears to begin before the asymptote for the average junction distance. initially present between the NiNs in the unstrained sample. This prediction is also supported by the data presented in Fig. 6 .
The two models have very similar predictive properties, each with its strengths and weaknesses. Both accurately predict that there will be a minimum junction distance between NiNs that cannot be closed off completely through Poisson contraction. Both models also predict an 'absolute minimum' distance between strands. The spaghetti model suggests that this minimum could be as small as the distance across a single polymer chain. The adsorbed layer theory, however, requires typically that there be two layers of bonded silicone between the NiNs (one layer attached to each nickel particle) at an absolute minimum junction distance, this being potentially a much larger minimum distance. The adsorbed layer thickness model does have an advantage in that it presents a very generic model that can be easily adapted mathematically to many types of polymer, including ones that may experience covalent bonding with the nickel. The spaghetti model is only applicable to PDMS and other inert, non-cross-linking silicones and polymers. It will require further work and information (such as accurate estimates of molecule widths) to attempt to determine which model is best to use in simulating the behavior of these high deflection strain gauges.
If similar tests are repeated using an impedance analyzer with a higher frequency range than the one available for this study it may be possible to develop more accurate curves that extend to smaller junction distances. Commercially available impedance analyzers can have a frequency range of up to 1 GHz, which could theoretically characterize average gaps down to the 1.05 nm range (for Sylgard 184). This could potentially reveal a ''true minimum'' (a smallest-possible average junction distance) or it might demonstrate the potential for average junction distances down to a nearly 0 nm junction distance. If an average junction distance is found to be close to, or below, the minimum junction distance required by the adsorbed layer thickness theory, then it would provide strong evidence against this theory.
Conclusion
Dielectric spectroscopy of strained piezoresistive nanocomposites was implemented to determine the evolution of junctions between the conductive particulates in the material. Essential and improved barrier height measurements of the silicone base were provided using a nanoindenter-based method. The combined approach permits a closer analysis and better understanding of the internal structure of a silicone-nickel material while undergoing strain. The data confirms that there is a decrease in the average junction distance between NiNs in a silicone/NiN composite as the material is strained in tension (decreases of at least 30% were measured in this experiment). All four samples demonstrate a decrease in the average junction distance for increased strain. Furthermore, there is a clear decrease in average junction distance with an increase in the volume fraction of NiNs in the silicone base, supporting current theories.
The present work encourages the need for a percolation model (or some other model) in addition to the quantum tunneling model, in order to accurately predict the conductivity of the material. For example, a plot of the measured resistivity vs the quantum tunneling resistivity (Fig. 8 ) resulted in two distinct regions that may relate to onset of (or termination of) percolation. The results are also suggestive of a minimum average junction distance per volume fraction ranging from 1.22 to 1.32 nm after a certain amount of strain, which limits how close the nanoparticles can approach regardless of additional strain. This behavior is consistent with two different models of the NiN-silicone interactions-i.e. the adsorbed layer model and the ''spaghetti'' model described previously. We also anticipate that the described experimental setup could be used in the future to gain an even greater understanding into the nature of deformation-dependent changes to junctions in other elastic conductive composites.
